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The minichromosome maintenance (MCM) helicase, composed of
subunits Mcm2–7, is essential for the initiation and elongation
phases of DNA replication. Even when DNA synthesis is blocked,
MCM continues DNA unwinding to some extent for activation of
the replication checkpoint and then stops. However, the mecha-
nism of regulation of MCM-helicase activity remains unknown.
Here, we show that truncation of the Mcm4 C-terminal domain
(CTD) in fission yeast results in hypersensitivity to replication block
caused by dNTP depletion. The truncation mcm4-c84 does not
affect the activation of the replication checkpoint pathway but
delays its attenuation during recovery from replication block. Two
dimensional gel electrophoresis showed that mcm4-c84 delays the
disappearance of replication intermediates, indicating that the
Mcm4 CTD is required for efficient recovery of stalled replication
forks. Remarkably, chromatin immunoprecipitation revealed that
mcm4-c84 brings about an increase rather than a decrease in the
association of the single-stranded DNA-binding protein RPA to
stalled forks, and MCM and the accessory complex GINS are
unaffected. These results suggest that the Mcm4 CTD is required to
suspend MCM-helicase activity after the formation of single-
stranded DNA sufficient for checkpoint activation.

replication checkpoint � protein kinase � DNA unwinding � hydroxyurea �
RPA

In each cell cycle, complete and accurate duplication of chro-
mosomal DNA is important for the faithful transmission of

genetic information to the daughter cells and for the suppression
of genome instability (1). The minichromosome maintenance
(MCM) complex is a DNA helicase that is essential for the
initiation and elongation phases of DNA replication (2, 3).
During early G1, MCM is loaded onto replication origins in a
Cdt1- and Cdc18/Cdc6-dependent manner to form the prerep-
licative complex (pre-RC). Before the initiation of replication,
other replication factors, including the Cdc45 and GINS com-
plexes, are recruited to the pre-RC. During the elongation of
replication, MCM, with the aid of Cdc45 and GINS, unwinds
double-stranded DNA to produce single-stranded templates for
DNA synthesis (4–6). In mice, deregulated expression of MCM7
accelerates tumor formation (7, 8). A hypomorphic mutation of
MCM4 causes chromosome instability and mammary adenocar-
cinomas (9). These observations demonstrate that the MCM
helicase is involved in suppressing genome instability and cancer.

The elongation of replication can be blocked by DNA damage,
tight binding of the protein to DNA, or dNTP depletion (10, 11).
The replication block caused by hydroxyurea (HU), an inhibitor
of ribonucleotide reductase that is required for dNTP synthesis,
leads to the activation of the replication-checkpoint pathway.
The replication checkpoint induces cell-cycle arrest and prevents
the collapse of stalled forks (12, 13). In the fission yeast
Schizosaccharomyces pombe, the kinase Rad3/ATR is the central
player in the DNA structure checkpoint, and Cds1/Chk2 and
Chk1 are integral kinases in the replication- and DNA damage-
checkpoint pathways, respectively (14, 15). MCM is implicated in

the activation of the replication checkpoint in two ways: the
formation of replication forks and the extension of single-
stranded DNA (ssDNA). A sufficient number of stalled repli-
cation forks are required for full activation of the checkpoint
kinase (16–18). DNA unwinding at the fork continues to some
extent even after replication is blocked to extend ssDNA (19).
ssDNA coated by multiple RPAs is a key structure required for
checkpoint activation (20, 21); however, eventually DNA un-
winding stops. Otherwise, excessive ssDNA would be produced,
thereby impeding the resumption of fork progression during
recovery from the replication block. However, little is known
about the mechanism of regulation of the unwinding activity of
MCM helicase.

Eukaryotic MCM consists of six different polypeptides
(Mcm2–7); however, a single species of Mcm polypeptide forms
a complex in archaea, suggesting that the archaeal Mcm holds all
fundamental activities of MCM. Phylogenetic comparison re-
vealed that Mcm4 represents the most ancient form of eukary-
otic Mcm (22). Here, we show that the C-terminal domain
(CTD) of Mcm4, which is conserved from archaea to humans,
prevents excessive formation of ssDNA when replication is
blocked by dNTP depletion.

Results
The Mcm4 CTD Plays an Important Role When Elongation of Replica-
tion Is Blocked by dNTP Depletion. Archaeal Mcm is divided into
three domains, all of which are conserved in the Mcm4 of S.
pombe and Homo sapiens (Fig. 1A). A central AAA� domain
(23) is important for helicase activity. The N-terminal domain
(NTD) of archaeal Mcm forms ring-like complexes and exhibits
DNA binding activity (24), whereas the role of its CTD remains
to be clarified. To reveal the role of the Mcm4 CTD, fission-yeast
strains expressing C-terminally truncated versions of Mcm4 were
created. A serial dilution assay revealed that deletion of 106
amino acids (mcm4–c106) exhibited a temperature-sensitive
phenotype, whereas deletion of 70 or 84 residues (mcm4–c70 or
mcm4–c84) caused no apparent growth defects at any of the
temperatures examined (Fig. 1B Upper). In addition, the dou-
bling times determined at 30°C for mcm4–c70 and mcm4–c84
cells (2.56 � 0.04 and 2.53 � 0.03 h, respectively) were indis-
tinguishable from that of wild-type cells (2.56 � 0.06 h). How-
ever, the mcm4 mutant cells exhibited hypersensitivity to HU
when compared with wild-type cells (Fig. 1B Lower). Because
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mcm4–c84 and mcm4–c106 cells exhibited similar degrees of
sensitivity to HU, we used mcm4–c84 for further analysis. To
determine whether the observed HU sensitivity was because of
dNTP depletion, the dNTP pool was reduced by an alternative
method that used the temperature-sensitive cdc22–M45 mutant.
Cdc22 is a large subunit of ribonucleotide reductase (25).
Introduction of the mcm4–c84 mutation into cdc22–M45 cells
strongly enhanced the temperature-sensitive growth defect (Fig.
1C Center). The mcm4–M68 (cdc21–M68) mutation causes an
amino-acid substitution (Leu238Pro) and confers a temperature-
sensitive growth defect (26). In contrast to mcm4–c84, mcm4–
M68 only slightly impaired the growth of cdc22–M45 cells. Allele
specificity was also observed for HU sensitivity (data not shown).
These data demonstrate that the CTD of Mcm4 plays an
important role when replication is blocked by dNTP depletion.

The Mcm4 CTD Is Not Essential for Activation of the Replication
Checkpoint Pathway. When cells are treated with HU, replication
forks are stalled and the replication-checkpoint cascade is in-
duced. In fission yeast, Rad3 kinase is activated and phosphor-
ylates Cds1 kinase, which in turn phosphorylates various target
proteins, including the structure-specific nuclease Mus81 (27–
29). To determine whether the Mcm4 CTD is required for
checkpoint activation, HU-induced phosphorylation of Cds1 and
Mus81 was examined by using a gel mobility shift assay (14, 15,
28). Extracts prepared from wild-type, mcm4–c84, and cds1�
cells expressing Mus81-myc were separated by SDS-PAGE and
transferred onto a membrane. Immunostaining for Cds1 re-
vealed that the protein mobility was equally retarded in wild-type
and mcm4–c84 cells in response to HU treatment (Fig. 2A).
Mus81-myc, detected by using anti-myc antibodies, was also
retarded in wild-type and mcm4–c84, but not in cds1� cells (Fig.
2A). To measure Cds1 activity, we carried out an in vitro kinase
assay (15) in which GST-Wee1 purified from bacteria was

phosphorylated in a Cds1-dependent manner in the presence of
[�-32P]ATP. After separation of the reaction product by SDS-
PAGE, the proteins were stained with Coomassie brilliant blue
(CBB) and the radioactive signals were detected by using a
phosphorimager (Fig. 2B). GST-Wee1 phosphorylation was
increased to the same level in wild-type and mcm4–c84 cells after

Fig. 1. The Mcm4 CTD plays an important role when replication is blocked
by dNTP depletion. (A) Comparison between archaeal Mcm (Methanobacte-
rium thermoautotrophicum) and eukaryotic Mcm4 (S. pombe and H. sapiens).
Amino-acid similarities between the Mcm proteins are indicated for the
AAA�, NTD, and CTD. (B) Temperature and HU sensitivity of wild-type (TNF34),
mcm4–c70 (TNF1312), mcm4–c84 (TNF598), and mcm4–c106 (TNF599) strains.
The log-phase cells were serially diluted 10-fold with distilled water and
plated onto YE plates supplemented with the indicated concentrations of HU.
(C) The mcm4–c84 mutation lowers the restriction temperature of cdc22–M45
cells. Wild-type, mcm4–c84, mcm4–M68 (TNF907), cdc22–M45 (TNF2251),
mcm4–c84 cdc22–M45 (TNF2254), and mcm4–M68 cdc22–M45 (TNF2187) log-
phase cells grown at 25°C were serially diluted 10-fold and spotted onto YE
plates as described above. The plates were incubated at the temperatures
indicated above the images.

Fig. 2. The Mcm4 CTD is not required for activation of the replication
checkpoint. (A) Gel mobility shift assay for Cds1 and Mus81 proteins. Log-
phase cells of wild-type (TNF1477), mcm4–c84 (TNF2286), and cds1� (TNF1935)
in Edinburgh minimal medium (EMM) were treated with 12 mM HU for 0, 2,
or 4 h. A total of 1.5 �g of the extracts was loaded onto 10% SDS/PAGE
(acrylamide:bis-acrylamide � 200:1) to detect Cds1 (upper gels) and Mus81-
myc (lower gels). Rabbit serum against Cds1 (provided by T. S. Wang, Stanford
University, Stanford, CA) and the anti-myc antibody (9E11; Medical and Bio-
logical Laboratories) were used at a dilution of 1:2,000. The band marked with
an asterisk indicates a nonspecific species. (B) In vitro kinase assay for Cds1.
Exponentially growing wild-type (TNF422), mcm4–c84 (TNF1575), and cds1�
(TNF609) cells were treated with 12 mM HU for 0, 2, 4, or 6 h. A total of 1.5 mg
of the yeast extract and GST-Wee170 prepared from Escherichia coli were
mixed and subjected to kinase reactions that contained [�-32P]ATP to probe
the phosphorylated proteins. The reaction products were separated by 12%
SDS-PAGE (29:1), the GST-Wee170 was visualized by CBB staining (CBB stain,
Upper), and the phosphorylated proteins were detected by using a phospho-
rimager (Wee1-32P, Upper). The relative intensities of the phosphorimager
signal of Wee1-32P are indicated (Lower). The values represent the mean of
two independent experiments; the error bars represent the standard devia-
tion. The two protein bands detected in each lane may be the degradation
products of GST-Wee1. (C) Mobility shift assay for Chk1 protein. Log-phase
cells of wild-type (TNF422), mcm4–c84 (TNF1575), and cds1� (TNF609) in EMM
were treated with 12 mM HU for 0, 2, 4, or 6 h. A total of 2.0 �g of the yeast
extracts was loaded onto 8% SDS-PAGE (59:1) and transferred onto a nylon
membrane. Hemagglutinin (HA)-tagged Chk1 was detected by immunostain-
ing with the anti-HA antibody (16B12; Covance Research Products). The
proportion of a shifted species of Chk1 to the total amount of Chk1 is plotted.
(D) Log-phase cells of wild-type (TNF34), mcm4–c84 (TNF598), cds1� (TNF256),
mcm4–c84 cds1� (TNF1395), chk1� (TNF1158), mcm4–c84 chk1� (TNF1548),
rad3� (NNF61), and mcm4–c84 rad3� (TNF1464) strains in EMM were serially
diluted 10-fold and plated onto YE plates supplemented with the indicated
concentrations of HU. The yeast cells were grown at 30°C.
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the addition of HU. In cds1� cells, Wee1 phosphorylation was
only observed at the background level. These in vivo and in vitro
data show that the mcm4–c84 mutant is proficient in activation
of the replication checkpoint. Cds1 and Chk1 are activated
primarily in response to replication block and DNA damage,
respectively; however, in the absence of Cds1, Chk1 becomes
activated by HU treatment, probably because of the conversion
of stalled forks to damaged DNA (e.g., double-strand breaks)
(14, 15). We reasoned that if the Mcm4 CTD was involved in the
replication-checkpoint response downstream of Cds1 activation,
hyperactivation of Chk1 would occur; however, immunostaining
for Chk1-HA revealed that an HU-induced mobility shift was
suppressed similarly in wild-type and mcm4–c84 cells compared
with cds1� cells (Fig. 2C). Consistent with these findings,
mcm4–c84 cds1� cells exhibited increased sensitivity to HU
compared with either of the single mutants (Fig. 2D). Increased
sensitivity was also observed in case of mcm4–c84 chk1� and
mcm4–c84 rad3� cells. Collectively, these data show that Mcm4
CTD is not required for activation of the replication checkpoint.

Attenuation of the Replication Checkpoint Is Delayed by Truncation of
the Mcm4 CTD. Recovery from the replication block was examined
by monitoring cell-cycle progression. Treatment of the mcm4–c84
and wild-type cells with HU suppressed the formation of the
septum and caused the cells to become elongated [supporting
information (SI) Fig. S1]. After incubation for 3 h in the presence
of HU, the cells were washed with sterilized water and resuspended
in HU-free media, allowing resumption of the cell cycle (Fig. 3A).
In wild type, septa started to appear at 60 min and peaked at 100
min after the removal of HU. The mcm4–c84 mutation delayed
septum formation by �20 min. The observed delay suggests that the
replication checkpoint remains active even after the removal of HU.
To test this possibility, we performed a Cds1 kinase assay using the
extract prepared after HU removal. To improve the sensitivity of
the assay, cdc25-22 background strains were temporally incubated
at 36°C to induce G2 arrest, followed by incubation at 25°C for 2 h
in the presence of HU to synchronously block replication (Fig. 3B).
The cells were then washed and resuspended in HU-free media to
allow recovery from the replication block. Measurement of the
kinase activity revealed that mcm4–c84 causes a delay in the
attenuation of Cds1 activity after release from the replication block
(Fig. 3C).

The Mcm4 CTD Is Required for Efficient Resumption of Fork Progres-
sion During Recovery from the Replication Block. Considering that
stalled replication forks are the structures that are essential for
activation of the replication checkpoint (16, 17), the forks might
have persisted after the removal of HU in mcm4–c84 cells. To
test this possibility, replication intermediates were detected by a
neutral-neutral 2D gel electrophoresis assay (30) using synchro-
nous cultures of the cdc25-22 background strains. Chromosomal
DNA was prepared in agarose plugs, digested with EcoT22I,
separated by 2D gel electrophoresis, and transferred onto a
nylon membrane. A 6.4-kb fragment encompassing a replication
origin, ori2004, on chromosome II (Fig. 4A) was detected by
Southern blotting. The bubble arcs represent the origins that
have fired bidirectionally within the restriction fragment,
whereas the Y arcs result from the asymmetric progression of
replication forks that have passed one end of the fragment (Fig.
4B). Cone signals are thought to consist of reversed and con-
verging forks, whereas spike signals represent cruciform DNA
(12, 20, 31). Because the two signals overlapped, we measured
their sum as the cone�spike signal in this study. When cells were
allowed to enter S phase synchronously in the absence of HU,
similar amounts of replication intermediates were detected
transiently in early S phase in wild-type and mcm4–c84 cells (Fig.
4C). Thus, it appears that the mcm4–c84 mutation minimally, if
at all, affects the initiation and elongation of replication under

an unperturbed condition. When replication was blocked by HU
treatment, the replication intermediates accumulated in wild-
type and mcm4-c84 cells to a similar level (Fig. 4D, 0 min). After
the removal of HU, the intermediates disappeared within 60 min
in wild-type cells; however, the Y arc and the cone�spike signals
were still detected in mcm4–c84 cells even after 60 min of
incubation. We further examined the replication intermediates
in the region that contains no origins (Fig. 4E). As expected,
bubble arcs were not observed in this fragment (Fig. 4F). In the
presence of HU, the accumulated replication intermediates were
less abundant in mcm4–c84 compared with wild-type cells (Fig.
4F, 0 min). Considering that replication forks progress slowly
even in the presence of HU (20), a fraction of the replication
forks may not have reached this origin-free region in mcm4–c84
cells because of a defect in the resumption of fork progression.
After HU removal, the replication intermediates disappeared
within 60 min in wild-type cells, whereas they were still detected
in mcm4–c84 cells even after incubation for 90 min. These data
suggest that the Mcm4 CTD is required for efficient resumption
of fork progression during recovery from the replication block.

The Mcm4 CTD Prevents Excessive Formation of ssDNA at the Stalled
Replication Fork. To gain an insight into the mechanistic role of
the Mcm4 CTD at the stalled replication fork, we performed a
chromatin immunoprecipitation (ChIP) assay using cells syn-
chronously entering S phase in the presence of HU (Fig. 5A).

Fig. 3. The mcm4–c84 mutation delays the resumption of the cell cycle and
attenuation of Cds1 kinase after release from replication block. (A) Exponen-
tially growing wild-type (TNF34) and mcm4–c84 (TNF598) cells in EMM were
treated with 12 mM HU for 3 h at 30°C. After incubation in the presence of HU,
the cells were washed with distilled water and transferred to HU-free EMM
medium. A total of 1.0 ml of culture was harvested at the indicated time points
and stored at 4°C in 70% ethanol. The percentage of cells containing septa,
indicative of passage through mitosis, is shown. At each time point, at least
500 cells were examined by microscopy, and the cells containing the septum
that was stained with calcofluor, were counted. (B) Schematic diagram of the
incubation conditions for cdc25-22 cultures to assess the recovery from an
HU-induced replication block. The yeast culture was grown at 25°C until log
phase; the incubation temperature was then raised to 36°C for synchroniza-
tion in G2 phase. After incubation for 3 h at 36°C, 10 mM HU was added, and
the temperature was decreased to 25°C, allowing synchronous progression
into S phase. After incubation for 2 h, HU was removed from the culture by
filtration, and the cells were washed and resuspended in HU-free EMM and
incubated at 25°C. The cells were harvested at the temperature shift-down
(G2) and at the indicated time points after removal of HU. (C) Cds1 kinase
activity of wild-type (TNF701) and mcm4–c84 (TNF1687) strains after removal
of HU was measured as described in Fig. 2. The relative intensity of the
phosphorimager signals of Wee1 is indicated. The plotted values represent the
mean of three independent experiments; the error bars show the standard
deviation.

Nitani et al. PNAS � September 2, 2008 � vol. 105 � no. 35 � 12975

G
EN

ET
IC

S

http://www.pnas.org/cgi/data/0805307105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0805307105/DCSupplemental/Supplemental_PDF#nameddest=SF1


Four different regions around ori2004 and a region �10 kb away
from an origin were examined by quantitative PCR (qPCR) (Fig.
5B). By using antibodies against Mcm6, binding to ori2004 in
early S phase was observed similarly in wild-type and mcm4–c84
cells (Fig. 5C, 90 min), suggesting that mcm4–c84 does not affect
pre-RC formation. Binding of Mcm6 to the regions outside of
the origin was hardly detected in this study. Thus, we could not

examine Mcm6 binding at the fork. The GINS complex is loaded
onto the pre-RC and becomes an essential component of the
DNA-unwinding machinery (5, 32). To determine whether
mcm4–c84 affects the unwinding machinery, we examined the
chromatin binding of Psf2, a subunit of GINS. The tagged
Psf2-Flag was immunoprecipitated by using anti-Flag antibody.
As observed in the case of Mcm6, Psf2-Flag transiently bound to
ori2004 (Fig. 5D, 90 min). Furthermore, the binding of Psf2-Flag
to regions outside ori2004 was also detected and was most
prominent at the 6-kb region at a later time point (120 min).
These observations are consistent with the idea that Psf2 is a
component of the DNA-unwinding machinery. We found that
mcm4–c84 does not affect Psf2-Flag chromatin binding, suggest-
ing that the Mcm4 CTD is not required to maintain the
unwinding machinery on the stalled forks. Finally, we examined
the chromatin binding of Rpa2, a subunit of the ssDNA-binding
protein RPA. After entry into S phase, Rpa2 was detected
around ori2004 (Fig. 5E). Although mcm4–c84 did not change
Rpa2 binding at ori2004, it increased Rpa2 binding at regions 4
or 6 kb away from ori2004, indicating that excessive amounts of
ssDNA are produced near ori2004. Similar results were obtained
around a different origin of replication (Fig. S2). These data
suggest that the Mcm4 CTD prevents excessive formation of
ssDNA at stalled replication forks.

Discussion
MCM helicase is an essential component of the DNA replication
fork. Among subunits Mcm2–7, Mcm4 is the most highly con-
served throughout evolution. Here, we found that truncations of
the Mcm4 CTD (mcm4–c84 and mcm4–c70) resulted in hyper-
sensitivity to a replication block induced by dNTP depletion but
caused no apparent growth defects under unperturbed condi-

Fig. 4. The Mcm4 CTD is required for the disappearance of the replication
intermediates after release from replication block. (A) Positions of ori2004
(filled rectangle), a region used to prepare the probe in Southern blot analysis
(gray bar), and the restriction sites (E, EcoT22I; X, XbaI) are indicated. (B)
Schematic diagram of the replication intermediates detected by 2D gel anal-
ysis. (C) 2D gel analysis of the replication intermediates produced in the
absence of HU in wild-type (TNF701) and mcm4–c84 (TNF1687) cells. Synchro-
nous cultures were obtained by using the cdc25-22 background strains as
described in Fig. 2B, except that the synchronous cultures were allowed to
enter into S phase in the absence of HU. The cells were collected at the
indicated time points after release from cdc25-mediated G2 arrest. (D) The
replication intermediates formed in the restriction fragment containing
ori2004 were detected during recovery from an HU-induced replication block.
Yeast cultures were prepared as described in Fig. 2B. The cells were collected
at the indicated time points after removal of HU from the culture. The
proportions of bubble arcs, Y arcs, and cone�spike signals in the total DNA are
shown in the graph. (E) The positions of ori3043 (filled rectangle), a region
used to prepare the probe in Southern blot analysis (gray bar), and the
restriction sites (E, EcoT22I; H, HindIII; N, NheI) are indicated. (F) The replica-
tion intermediates formed in the origin-free fragment were detected during
recovery from an HU-induced replication block. The graph shows the propor-
tion of Y arcs and cone�spike signals in the total DNA.

Fig. 5. Association of Mcm6, Psf2-Flag, and Rpa2 around ori2004 on chro-
mosome II in the presence of HU. (A) Schematic diagram to prepare cdc25-22
cultures that synchronously enter into S phase in the presence of HU. After
incubation at 36°C, 10 mM HU was added to the culture, and the temperature
was decreased to 25°C. The cells were harvested at the indicated time points.
(B) The regions of chromosome II that were amplified by qPCR are indicated.
The �10-kb region is located at the chromosome site where no origins are
present within 10 kb on either side (42). The positions of ori2004 and ori2003
are also shown. The wild-type (TNF2164) and mcm4–c84 (TNF2165) strains
containing the psf2-3flag gene (32) were used for Mcm6 and Psf2-Flag ChIP;
wild-type (TNF701) and mcm4–c84 (TNF1687) strains were used for Rpa2 ChIP.
(C) Chromatin binding of Mcm6. (D) Chromatin binding of Psf2-Flag. (E)
Chromatin binding of Rpa2. The percentage of recovered DNA compared with
the input is shown. The colors of the bars indicate the position of the chro-
mosomal regions (B) amplified by qPCR. The values represent the mean of two
independent experiments; the error bars represent the standard deviation.
wt, wild-type.
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tions. Because mcm4–c84 does not affect Mcm6 and Psf2 loading
onto the origins and the formation of replication intermediates,
it is unlikely that the sensitivity to dNTP depletion is because of
a reduction in replication initiation. An intimate relationship
between MCM and the replication checkpoint has been reported
(33–36). However, mcm4–c84 does not affect HU-induced phos-
phorylation of Cds1 and Mus81, which occurs in a Rad3- and
Cds1-dependent manner, respectively. In addition, the kinase
activity of Cds1 is increased to the wild-type level. When the
Cds1 pathway is impaired, the DNA damage checkpoint kinase
Chk1 becomes activated in response to HU; however, Chk1
phosphorylation is suppressed in mcm4–c84 as well as in wild-
type cells. Finally, mcm4–c84 further increases the HU sensitiv-
ity of the checkpoint mutants. These data show that the Mcm4
CTD plays a role other than in activation of the replication
checkpoint when replication is blocked by dNTP depletion.

The Mcm4 CTD is required for efficient recovery of stalled
replication forks after release from the replication block. The
mcm4–c84 mutation causes a delay in the disappearance of
replication intermediates and attenuation of the replication
checkpoint kinase Cds1. The residual activity of Cds1 kinase may
be because of the stalled forks remaining after HU removal.
Although it cannot be formally excluded, it is unlikely that the
replication machinery is collapsed in mcm4–c84 cells because
mcm4–c84 does not affect the association of Psf2 to stalled forks.
Full activation of the replication checkpoint and suppression of
the DNA damage checkpoint support the notion that the rep-
lication machinery is not disrupted in mcm4–c84 cells. Remark-
ably, we found that the mcm4 mutation of MCM helicase brings
about an increase rather than a decrease in the binding of Rpa2
to stalled forks, indicating that the Mcm4 CTD suppresses
excessive ssDNA formation. Electron microscopic studies have
shown that HU treatment increases the length of ssDNA at the
fork by �100 nt (20). Because mcm4–c84 causes a �2-fold
increase in Rpa2 binding near the origin, it appears that ssDNA
at the stalled fork is extended to 200 nt. This relatively small
difference may explain why mcm4–c84 does not drastically
change the Psf2 binding site in the ChIP assay. Alternatively, it
is possible that mcm4–c84 increases the number of forks that
have an extended length of ssDNA, rather than the length of
ssDNA at a fork. In either case, down-regulation of DNA
unwinding is relieved by mcm4–c84. It has been observed that
Mrc1, Swi1, and Swi3 prevent uncoupling of DNA synthesis and
the replication machinery (37, 38). As in the case of mrc1� cells
(18), the HU sensitivity of mcm4–c84 cells can be partially
suppressed by a mutation in Cdc45, a component of the unwind-
ing machinery, but not by a mutation in Orc1, a subunit of the
origin recognition complex (Fig. S3). However, mcm4–c84 en-
hances the HU sensitivity of mrc1�, swi1�, and swi3� cells,
suggesting that the Mcm4 CTD plays a role related, but not
identical, to that of Mrc1, Swi1, or Swi3 (Fig. S4). Recent studies
of archaeal Mcm have shown that truncation of its CTD in-
creases ATPase and DNA unwinding activities (39, 40). Given
the sequence similarity between archaeal Mcm and eukaryotic
Mcm4s, the function of the CTD appears to be conserved across
kingdoms. Our findings suggest that after the formation of
ssDNA sufficient for checkpoint activation, Mcm4 CTD sus-
pends the DNA unwinding activity of MCM helicase.

Materials and Methods
Yeast Strains and Plasmids. The yeast strains used in this study are listed in
Table S1. The media were prepared as described elsewhere (18). The mcm4–
c70, mcm4–c84, and mcm4–c106 mutants were created by yeast transforma-
tion with SpeI-digested pTN565, and XbaI-digested pTN558 and pTN559,
respectively. These plasmids were constructed as follows. Introducing the
BglII-EcoRI restriction sites immediately after the mcm4 stop codon, a 1.3-kb
EcoRV-BamHI fragment containing the Mcm4 C-terminal region was ampli-
fied by PCR and then cloned between the EcoRV and BamHI of pBluescript II
KS�, creating pTN528. A 1.5-kb BglII-EcoRI fragment containing kanMX6 from
pFA6-kanMX6 (41) was cloned into the BglII and EcoRI sites of pTN528,
creating pTN529. The reverse primer (5�-AACAGCTATGACCATG) was paired
with the forward mutagenesis primer mcm4-cd70 [5�-CGAGATCTTAGAC-
CATATCTTCAGGTACCAAAG (the underlined portion represents the BglII site,
and the italicized portion represents the stop codon that was introduced)],
mcm4–cd84 (5�-CGAGATCTTAAATTAGGTCAAGAGAAATCTTTCC), or mcm4–
cd106 (5�-CGAGATCTTACAAGCGAGCAGCTTCAAGAACATC) in PCRs using
pTN529 as a template. The PCR products were digested with XhoI and BglII,
and the resulting 1.1-kb XhoI-BglII fragments were introduced into the XhoI
and BglII sites of pTN529 to create pTN565, pTN558, and pTN559, respectively.
The absence of any additional mutations in the PCR fragment was confirmed
by DNA sequencing. A 4.3-kb region of yeast genomic DNA that contains
SPCC584.10c was amplified by using a pair of primers (5�-CGCAAGGGCGTCGT-
TACCCATGG and 5�-CTCAACTACCGGCTAAGGTTGGC), digested with HindII
and NheI, and the resulting 3.6-kb HindIII-NheI fragment was introduced into
the HindIII and XbaI sites of pBluescript II KS�, creating pTN807.

Doubling Time of Yeast Cells. Late log-phase cultures of yeast cells in EMM
media were diluted with fresh EMM to a final concentration of 3.0 � 106 cells
per ml. Thereafter, the cell concentration was determined at 1-h intervals
for 7 h.

Preparation of Yeast Extracts. Yeast extracts were prepared as described
previously (18), except for the addition of 3 �l of phosphatase inhibitor
mixture (Sigma) before cell disruption.

In Vitro Cds1 Kinase Assay. The in vitro Cds1 kinase assay was performed as
described previously (18).

2D Gel Electrophoresis. Neutral-neutral 2D gel electrophoresis was carried out
as described elsewhere (42). For Southern blotting, a 3.2-kb NotI-XbaI frag-
ment from pXN289 (43) and a 3.6-kb HindIII-NotI fragment from pTN807 were
labeled with 32P using the Megaprime DNA labeling system (GE Healthcare) to
detect the 6.4- and 6.2-kb EcoT22I fragments containing ori2004 and
SPCC584.10c, respectively. The radioactive signals were detected with a BAS
2500 phosphorimager (Fuji) and measured by using Image Gauge software
(Fuji).

ChIP. ChIP experiments were performed as described previously (42). Immu-
noprecipitation was carried out by using anti-Mcm6 (44) or anti-Rpa2 (32)
rabbit serum preincubated with magnetic beads conjugated to sheep anti-
rabbit IgG (Dynabeads M-280; Invitrogen) or by using anti-Flag mouse mono-
clonal antibody M2 (Sigma) preincubated with the magnetic beads conju-
gated to sheep anti-mouse IgG (Dynabeads M-280). To measure the DNA
concentration, qPCR was performed by using Power SYBR green PCR master
mix and a 7300 PCR system (Applied Biosystems). The primer sequences have
been enumerated in Table S2.
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